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A B S T R A C T
Wind energy is one of the clean renewable forms of energy that can handle the existing global fossil
fuel crisis. Although it contributes to 2.5% of the global electricity demand, with diminishing fossil fuel
sources, it is important that wind energy is harnessed to a greater extent to meet the energy crisis and
problem of pollution. The present work involves study of effect of pitch angle on the performance of a
horizontal axis wind turbine (HAWT), NREL Phase VI. The wind velocities considered for the study are
7, 15.1 and 25.1 m/s. The simulations are performed using a commercial CFD code Fluent. A frozen rotor
model is used for simulation, wherein the governing equations are solved in the moving frame of ref-
erence rotating with the rotor speed. The SST k-ω turbulence model has been used. It is seen that the
thrust increases with increase in wind velocity, and decreases with increase in pitch angle. For a given
wind velocity, there is an optimum pitch angle where the power generated by the turbine is maximum.
The observed effect of pitch angle on the power produced has been correlated to the stall characteris-
tics of the airfoil blade.
Copyright © 2015, The Authors. Production and hosting by Elsevier B.V. on behalf of Karabuk
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction
According to the Global Wind Energy Council (GWEC) the
global installed power capacity of wind energy at the end of 2013
is 3, 18, 105 MW [1]. This meets about 2.5% of the global electric-
ity demand [1]. Wind Energy has very high potential in tropical
climatic conditions where the wind speed is relatively steady.
Miller et al. [2] review the various numerical studies done in wind
energy industry which include the major focus research areas –
micro-siting, wind modeling and prediction, blade optimization
and modeling, high resolution turbine ﬂow modeling and support
structure analysis. The prediction of the turbine performance
requires the blade aerodynamics to be predicted. The two major
methods for numerical aerodynamic prediction are: (1) using the
blade element momentum (BEM) theory, and (2) using CFD to
solve the Navier–Stokes equations. Some studies done in predic-
tion of turbine performance using these methods are included
below.
Some of the recent researches carried out in prediction of per-
formance of HAWT using BEM are as follows: Lanzafame andMessina
[3] studied the performance of a HAWT continuously operating at
its maximum power coeﬃcient using a code based on BEM theory.
They concluded that for a given wind speed there is an optimum
rotational velocity of rotor that would give maximum power coef-
ﬁcient. Dai et al. [4] used modiﬁed BEM theory using dynamic stall
model to predict the aerodynamic loads on large scale wind tur-
bines. Factors that inﬂuence it like wind shear, tower, and tower and
blade vibration were considered. It was concluded that the avail-
able dynamic stall model can predict well for engineering purpose.
Vaz et al. [5] developed a mathematical model based on the BEM
theory for the horizontal-axis wind turbine design. Shariﬁ and Nobari
[6] developed a code using the BEM theory to predict the aerody-
namics of HAWT. The developed code is validated against the
experimental results of NREL. The optimal distribution of the pitch
angle along thewind turbine bladewhich gives themaximumpower
is obtained for a distribution of wind speed.
Various researchers have simulated the ﬂow past NREL tur-
bines by solving the Navier–Stokes equations using CFD technique.
As the complete ﬂow ﬁeld is simulated, the predictions obtained
by this method are accurate than that obtained by the BEMmethod.
Duque et al. [7] simulated the ﬂow over NREL Phase II turbine. Xu
and Sankar [8] simulated ﬂow over NREL Phase II and III turbines.
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Xu and Sankar [9], Johansen et al. [10], Duque et al. [11]
and Sezer-Uzol and Long [12] simulated ﬂow over NREL Phase VI
turbine.
Thumthae and Chitsomboon [13] performed numerical simu-
lations of HAWT with untwisted blade to ﬁnd the optimal angle of
attack for different wind speeds. The study was done for pitch angles
1°, 3°, 5°, 7° and 12° for wind speeds of 7.2, 8.0, 9.0 and 10.5 m/s.
The CFD results were validated against the experimental results of
NREL. Using third order polynomial to ﬁt the numerical data, the
optimal pitch angles for which the power output is constant were
found to be 4.12°, 5.28°, 6.66° and 8.76° for wind speeds of 7.2, 8.0,
9.0 and 10.5 m/s, respectively. The corresponding angles of attack
were found to be 9.18°, 9.44°, 9.80° and 10.26°. Mo and Lee [14] con-
ducted CFD investigation to understand the aerodynamic
characteristics of a small sized wind turbine of NREL Phase VI, op-
eratingwith a stall regulatedmethod for ﬁve different wind velocities
between 7 and 25m/s with a constant global pitch angle of 5°. Tur-
bulence was modeled using SST k-ω model. They observed 3-D stall
to generate near the blade root at a wind speed of 7 m/s. Li et al.
[15] numerically studied the performance of full-scale NREL Phase
VI turbine using an incompressible, dynamic overset code CFDShip-
Iowa v4.5. The study was done for a blade of ﬁxed pitch angle of
3° and different wind speeds of 5, 10, 15 and 25 m/s, and different
pitch angles from −15° to 40° at a ﬁxed wind speed of 15m/s. Simu-
lations were done at a constant rotational speed of 72 rpm using
unsteady Reynolds Averaged Navier–Stokes (URANS) and De-
tached Eddy Simulation (DES) turbulence models. They validated
the simulations by comparing power, thrust and pressure proﬁles
over the airfoil section at different radial blade locations obtained
numerically with experimental results. The observed perfor-
mance has been correlated with the ﬂow around the turbine blade
and the vortical structures.
Thus it is seen that the pitch angle has effect on the turbine per-
formance, and for a given wind speed and rotor speed, there is an
optimum pitch angle which gives maximum power. The objective
of the current work is to study the effect of a pitch angle on per-
formance of a twisted blade HAWT, NREL Phase VI at different
wind velocities. Although similar studies have been reported
earlier, the explanation for the observed behavior is not found. In
the current study the effect of pitch angle is related to the stall char-
acteristics of the airfoil proﬁle. This study can provide information
to the designer to design more aerodynamically optimal blades; and
to the operator, the optimal pitch angles of operation for maximum
power.
2. Problem description
The effect of pitch angle on the performance parameters of HAWT,
NREL Phase VI turbine is studied at incoming wind speeds Vin = 7,
15.1, 25.1 m/s. The wind direction is normal to the plane of rota-
tion of the turbine blades. The corresponding Re range based on the
wind velocity and the diameter would be 0.52 × 107 to 1.86 × 107.
The pitch angles considered for each Vin are summarized in Table 1.
The performance parameters considered are the power developed
and the thrust experienced. NREL Phase VI shown in Fig. 1 is a twin
bladed stall regulated turbine of power rating of 19.8 kW. Its rotor
radius is 5.532 m and hub height is 12.192 m. The blade proﬁle is
NREL S809 which is twisted along the plan form as shown in Fig. 2.
The airfoil proﬁle remains the same all along the length of the blade
but the chord length decreases as shown in the ﬁgure. The cut in
wind speeds for the turbine is 6 m/s. The synchronous speed of the
turbine is 71.63 rpm.
3. Governing equations and parameters of interest
The ﬂow is expected to be turbulent around the turbine
due to high Reynolds number. The steady form of Reynolds’
averaged continuity and momentum equations are solved as the
ﬂow is expected to achieve steadiness for the given conditions.
The schematic diagram of the airfoil section and the forces acting
on it are shown in Fig. 3a. The plane of rotation (POR) of the
turbine is the plane in which the blades rotate and it would
appear as a line as seen in the ﬁgure. With respect to plane of
rotation, the chord line of the cross section is given a twist called
the section twist angle β. This angle varies along this length of the
blade and is shown in Fig. 3b. For dynamic control of the blade,
the blade can also be given an additional twist called global pitch
angle ϕ. This pitch angle would change the twist of every cross
section by ϕ.
Table 1
Parameters considered for analysis.
Inlet velocity (Vin) Pitch angle (ϕ)
7 m/s −10°, 0°, 5°, 10°, 20°
15.1 m/s −10°, 0°, 5°, 10°, 20°, 30°
25.1 m/s −10°, 0°, 5°, 10°, 20°, 30°, 40°
Fig. 1. NREL Phase VI turbine assembly [16].
Fig. 2. S809 aerofoil and section twist at different cross section.
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The resultant force on the blade due to the ﬂow around the blade
may be resolved in two ways: (1) along the incoming velocity –
Normal force (FN) and along the plane of rotation – Tangential Force
(FT); (2) along the direction of the relative velocity – Drag force (FD)
and the other perpendicular to the relative velocity – Lift force (FL).
These forces may be related as follows:
F F FN L D= +cos sinθ θ (1)
F F FT L D= −sin cosθ θ (2)
Coeﬃcient of normal and tangential force is the non-
dimensionalized form of FN and FT given by Eq. (3)
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The pressure distribution across the airfoil may be quantiﬁed non-
dimensionally using the coeﬃcient of pressure (Cp) deﬁned as
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4. Solution methodology and benchmarking study
The study is carried out numerically using a commercial CFD code
ANSYS Fluent inmoving reference frame. The computational domain
used for this study is shown in Fig. 4a. Fig. 4b shows the meshed
blade surface. All dimensions of the boundary are given in terms
of radius R of the turbine. The turbine possesses 180° periodicity
and hence, only one blade is modeled. The domain has beenmodeled
with two regions – interior region, which is a cylinder of radius
0.325R and height 1.26R which contains the blade surface, and the
exterior region. Blade is kept at a distance of 2.5R from the inlet and
downwind region has a length of 3R. Mesh generation is done using
a commercial mesh generator STAR-CCM+. The tower has not been
modeled in the analysis for simplicity. To resolve the boundary layer
close to the blade surface and hub, ﬁve prism layers are used close
to these surfaces with a ﬁrst length of 0.8 mm. The meshing done
around the blade cross section at r/R ~ 0.4 is shown in Fig. 4c. The
average wall y+ on the blade surface has been found to be 3.2, 5.2
for Vin = 7, 12 m/s respectively, with a maximum value of 50. Three
different meshes of sizes ~1.5, ~2.0 and ~6.3 million grid cells are
generated to study mesh independence.
An inﬂow velocity of 7 m/s with a turbulent intensity of 3% is
speciﬁed at the upstream boundary. Blade and hub are speciﬁed to
be wall with no slip. Pressure is speciﬁed at the outlet boundary
to be atmospheric pressure (1.01325 bar). Sides of the cylinder are
speciﬁed to have zero shear. The ﬂoor is split into two surfaces and
speciﬁed to be periodic. The governing equations are solved in a
moving reference frame rotating with the speed of blade, 72 rpm.
As this method does not simulate the wall movement realistically,
thewake is not accurately predicted. Convection terms are discretized
with second order upwind schemes and SIMPLE algorithm is used
for pressure velocity coupling. Convergence criteria for absolute error
of all variables used are 10−6.
For the effect of turbulence model and grid independence, ex-
perimental results have been taken fromMo and Lee [14]. To validate
the grid independence of the solutions, simulations have been done
using three meshes of sizes ~1.5, 2 and 6.3 million cells. The vari-
ation of Cp across the airfoil at ﬁve different r/R is compared as shown
in Fig. 5. It is seen that all the three meshes conform to the exper-
imental data, but solutions becomemesh independent with 2million
cells. Thus all further simulations have been done using the SST k-ω
turbulence model and the mesh with 2 million cells.
Simulation have been done for a blade pitch angle of 5° and
Vin = 7 m/s using three turbulence models – k-ε, SST k-ω and
transitional model. The comparisons of coeﬃcient of pressure Cp
showed that SST k-ω predicts well. The solution methodology has
been benchmarked by comparing the thrust and power computed
using CFD against NREL experimental data taken from Li et al. [15]
as seen in Fig. 6. Simulations are done for pitch angle of 3° and
wind velocity varying from 5 to 25 m/s. As the uncertainty is not
speciﬁed, the error limits are not shown for the experimental
data. The CFD predicts thrust and power with an average error
of 6% and 2%, respectively, validating the solution methodology
adopted.
Fig. 3. (a) Forces on an aerofoil [17]; (b) Variation of section twist angle for NREL
phase VI blade [16].
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5. Results and discussion
Initially the effect of pitch angle for Vin = 7 m/s on the perfor-
mance parameters is presented. Then in the later section the effect
of wind speeds Vin = 15.1 m/s and 25.1 m/s on the performance is
presented.
5.1. Effect of pitch angle
In this section, the effect of pitch angle for Vin = 7 m/s on per-
formance parameter is presented. Fig. 7 shows the variation of CN
and CT with pitch angle. CN decreases with increase in pitch angle,
i.e., the normal force on the blade increases. This is because of de-
crease in the blade frontal area as the turbine blade becomes more
parallel to the inlet ﬂow direction with increase in pitch angle. CT
variation with pitch angle is nearly symmetric about 5°. The
maximum value of CT is obtained at pitch angle of 5° and becomes
negative at −10° and 20°. Fig. 8 shows the variation of the global
parameters of interest – thrust and power developed for different
pitch angle. As thrust is the normal force integrated over the entire
blade surface, the thrust trend shown in Fig. 8a is the same as CN
trend. The power trend shown in Fig. 8b is the same as the CT trend
as the tangential force is responsible for torque generation. Similar
to CT, power reaches its maximum at pitch angle of 5° and becomes
negative at −10° and 20°. At −10° and 20° the turbine would shut
off.
This trend in CT and power is due to stalling. Stall is the
phenomenon, in which the lift force drops with a high gradient
with increase in angle of attack, α. The angle of attack was
calculated based on the method described in [13] and [14]. The
variation of α and FL/FD with r/R for ϕ = −10°, 5° and 20° is shown
in Fig. 9. The stall angle for the NREL S809 is 9° (reported by
[14]), which is shown by a constant line in Fig. 9a. It may be seen
from the ﬁgure that for ϕ = −10°, all along the blade α is above the
stall angle and thus stalled throughout the blade; for ϕ = 5°, α is
close to the stall angle; and for ϕ = 20°, α is below the stall angle
and thus there is no stall. For ϕ = −10°, due to stalling FL/FD ratio is
low throughout the length of the blade as seen in Fig. 9b. For
Fig. 4. (a) Computational Domain and (b) Rotor blade and hub meshed. (c) Meshing at the leading edge of a blade cross section. (d) Meshing at the trailing edge of a blade
cross section.
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Fig. 5. Variation of Cp with x/c at r/R = (a) 0.3; (b) 0.47; (c) 0.63; (d) 0.80; (e) 0.95.
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ϕ = 5°, turbine operates very close to stall region, hence almost
constant FL/FD ratio is observed as seen in Fig. 9b. In this case also,
α has very little inﬂuence on the FL/FD ratio. For, ϕ = 20°, α has a
signiﬁcant effect on power generation. It can be seen that the
FL/FD ratio decreases all along the length of the blade as α de-
creases. Due to this the average value of FL/FD ratio is low for this
case.
Flow visualization around the airfoil can help in understanding
the ﬂow behavior at different cross sections. They would also help
in understanding the lift and drag force generation. The velocity
streamlines over different blade section at ϕ = −10°, 5° and 20° are
shown in Fig. 10. It can be seen that ﬂow separation takes place
around the airfoil across the entire length for ϕ = −10°. This con-
ﬁrms the stalling as discussed earlier. The ﬂow is streamlined
and small separation is observed very close to the trailing
edge of the airfoil for ϕ = 5° case. The weak separation results in
maximum lift and thus generates high power. Thus pitch angle of
5° is optimum for an inlet velocity of 7 m/s. For ϕ = 20° case, also
there is no separation, but due to low values of FL/FD ratio, power
is low. Due to reversal of pressure distribution, turbine would shut
off.
5.2. Effect of wind velocity
The effect of wind velocity on performance is presented
in this section. Simulations are done for different pitch angles for
Vin = 15.1 and 25.1 m/s. The pitch angles considered for each Vin
are summarized in Table 1. Fig. 11 shows the variation of CN and
CT with ϕ at r/R = 0.47 and 0.8 for Vin = 7, 15.1 and 25.1 m/s. The
trends observed in CN and CT at higher velocities are the same as
seen at 7 m/s. For all blade cross sections, CN increases with
increase in Vin due to increase in the momentum of the wind.
The dome shaped trend is seen for CT with pitch angle for all
velocities and the maximum occurs at higher pitch angles for
higher velocities. This is because stall occurs at lower pitch angles
for high velocity ﬂows. Fig. 12 shows the variation of thrust and
power with pitch angle for different wind velocities. With in-
crease in velocity the thrust increases for a given pitch angle.
The power curve shifts to the right as seen in Fig. 12b with
increase in wind velocity. The optimum pitch angle where
maximum power is achieved increases with Vin. Maximum power
is obtained at 5° for Vin = 7 m/s, ϕ ~ 20° for Vin = 15.1 m/s and
ϕ ~ 30° for Vin = 25.1 m/s.
Fig. 6. Comparison of CFD and Experiment of (a) Thrust; (b) Power.
Fig. 7. Variation of (a) CN and (b) CT with pitch angle at different r/R.
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The variation of α and FL/FD ratio along the length of the blade
for ϕ = 5°, 20° and 30° is plotted in Figs. 13 and 14, respectively. These
pitch angles are chosen as the maximum power is obtained at these
angles. It can be seen that for a pitch angle of 5° (Figs. 13a and 14a),
the angle of attack is very close to the stall region for Vin = 7 m/s.
Consequently, we can see that the maximum FL/FD ratio for Vin = 7m/
s. For 15.1m/s and 25.1m/s, the plots indicate that the angle of attack
is above stall throughout the entire blade length and thus FL/FD is
observed to be low, this ratio being only a function of angle of attack.
Thus, 5° pitch angle is optimum for a wind turbine when the op-
erating velocity is 7m/s for optimum power generation. For 20° pitch
angle (Figs. 13b and 14b), the angle of attack for Vin = 15.1 m/s is
very close to the stall angle. As velocity is increased to 25.1 m/s, al-
though angle of attack increases, turbine starts to operate in
completely stalled region. When velocity is reduced to 7m/s, a very
small angle of attack is obtained. Hence the maximum FL/FD ratio
is obtained for 15.1 m/s and a low FL/FD ratio is obtained for 25.1 m/s
and 7 m/s. Hence, it is recommended to operate the wind turbine
with a pitch angle of 20° for obtaining maximum power at a ve-
locity of 15.1 m/s. For a pitch angle of 30° (Figs. 13c and 14c), it can
be seen that the angle of attack is close to the stall angle for
Vin = 25.1 m/s and hence results in maximum FL/FD ratio and power.
The angle of attack corresponding to 15.1 m/s velocity is less and
therefore results in negative lift force making the turbine to shut
off.
6. Conclusion
Based on the numerical study conducted on the effect of pitch
angle on performance of a HAWT, NREL Phase VI the following con-
clusions are made.
1. The SST k-ω turbulence model predicts thrust and power in good
agreement with experimental results.
2. For a given wind velocity, there is an optimum pitch angle where
the power generated by the turbine is maximum. This optimum
angle depends on the wind velocity. It is found to be 5° for
Vin = 7 m/s, ϕ ~ 20° for Vin = 15.1 m/s and ϕ ~ 30° for Vin = 25.1 m/
s. Operating the turbine at other angles would result in
Fig. 8. Variation of (a) Thrust and (b) Power with pitch angle at different r/R for
Vin = 7 m/s.
Fig. 9. Variation of (a) Angle of attack and (b) Lift to drag ratio with r/R.
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Fig. 10. Streamlines at different r/R for ϕ = (a) −10°; (b) 5°; (c) 20°.
Fig. 11. Variation of (a) CN and (b) CT with pitch angle for Vin = 7, 15.1, 25.1 m/s. Fig. 12. Variation of (a) Thrust and (b) Power with pitch angle for Vin = 7, 15.1, 25.1m/s.
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lower power. At angles deviated from the optimum angle, the
performance of the turbinewould deteriorate and eventually shut
off. It has been seen that at these pitch angles, the angle of attack
is close to the stall angle and thus experiences highest lift to drag
force ratio.
3. Thrust increases with increase in free stream air velocity because
of greater momentum transfer. Thrust decreases with increase
in pitch angle due to reduction in frontal area and thus de-
crease in the drag experienced by the blade.
Nomenclature
C Chord length (m)
CN Coeﬃcient of normal force
CP Coeﬃcient of pressure
CT Coeﬃcient of tangential force
FD Drag force (N)
FL Lift force (N)
FN Normal force (N)
FT Tangential force (N)
k Turbulent kinetic energy (m2/s2)
p Pressure (N/m2)
p∞ Ambient pressure (N/m2)
T Torque (N-m)
ui Velocity components (m/s)
ui’ Fluctuating components of velocity (m/s)
Vin Wind velocity (m/s)
Vrel Velocity of wind relative to blade (m/s)
α Angle of attack – AOA (degrees)
β Local or section twist angle (degrees)
θ Angle of Vrel with respect to plane of rotation (degrees)
ϕ Global pitch angle (degrees)
ρ Fluid density (kg/m3)
ω Angular velocity of turbine (rad/s)
Fig. 13. Variation of angle of attack with r/R for ϕ = (a) 5°; (b) 20°; (c) 30°.
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